INTRODUCTION
It is widely exploited that terahertz FET detectors give higher response in a non-open drain configuration, when current is forced through the channel [1] [2] [3] [4] [5] [6] . However, applying bias current to the detector often show significant differences from their expected behavior. Theoretical works on two dimensional electron gases (2DEG) showed that resonant detection can yield high gain by proper boundary conditions regarding both gated [1] and ungated [2] structures, including current bias caused asymmetry. In non-resonant detection, the same theory states that a small current increases sensitivity. The explanation is that the reduced charge concentration near the drain terminal becomes more sensitive to the high frequency perturbation when the transistor operation mode shifts from linear to the saturation region [7] . Among the existing technologies (e.g. GaAs, GaN, Si, SOI) the Si based standard CMOS planar technology provides actually the most matured solution for building focal plane arrays [8] [9] [10] . The first models regarding MOS transistors as direct power detectors and mixers date back to the '80-ies [11] . An extended model was given that described the higher frequencies as well by non quasi-static approximation [12] . That was followed by other complementary works, e.g. [3] . The work of Sakowicz et al. [13] has introduced a phenomenological model, which is applicable under broad operation conditions. This model covers the non-resonant detection of FET detectors and describes the open drain behavior in the presence of instrumentation load. The advantage of this model is that relates the photoresponse to the DC channel conductivity, which is a measurable quantity or could be simulated by arbitrary electronic models. However the effect of source-drain non zero current is not covered by the model. Another interesting phenomenon of the current biased operation is the sign change of the measured photoresponse. The physical explanations of the negative response were mentioned in [1] and [14] also describes a possible reason for the phenomenon. Guttin el al. [15] described a SPICE model based on the nonlinear power detector model for circuit modeling. But, the article does not address the effect of the nonzero source-drain current. T. A. Elkhatib et al. [4] to model the deep saturation behavior. Beside the higher recorded responsivity of the current biased FET detectors, the measured noise spectral density increases dramatically along with the applied bias current.
Both theoretical and practical improvement of the signal-to-noise ratio (SNR) in silicon FETs is analyzed thoroughly by A. Lisauskas el at. [5] . The used hydrodynamic transport model predicts only slight improvement in the subthreshold conditions, which has not been proved by practical measurements due to the other deteriorating noise factors.
The above mentioned models explain the measured characteristics under specific source-drain biasing conditions supposing various architectural restrictions, such as the transistor source and bulk terminals are connected to ground potential or only the gate-source terminal is coupled to the radiation. The introduced model describes the FET detector behavior under non zero source-drain current in all FET working domain -including depletion, strong and weak inversion, effect of bulk potential -keeping high correlation with the measurement results and explain the apparent amplification and response sign change.
II. MODEL
The developed model is valid under the following conditions: non-resonant detection conditions and long channel, symmetric device. That is, the product of the used frequency ( ) and the inverse momentum relaxation time of the electrons ( ) is smaller than unity 1. Hence, the plasmons are overdamped in the channel and the effective signal penetration depth ( ) from the source/drain is smaller than the actual channel length ( ). Consequently, the photoresponse is generated near the source and drain terminals and the quasi-static distributed RLC or wavequide channel description is applicable. The situation of the more practical case when is less but comparable to the channel's length is also investigated later on. As an outcome, the source-gate and drain-gate AC mixing terms are the dominant in the photoresponse and no drain-source mixing terms appears. Last, the detector has a symmetric physical structure, and the source and drain terminals can be swapped. First, the radiation coupling efficiency is formalized, and then the open drain or unloaded response is revised. The case of source drain current is described as a potential difference between the two terminals, which leads to the separated photoresponse model of the source and the drain. Then, the incircuit behavior is analyzed, and finally measurement examples are presented.
A. Radiation coupling
The incident radiation power received by the antenna and routed to the drain or source terminals are not necessary equal in magnitude to that appears on the gate terminal: the antenna structure can be asymmetric; a terminal connection is not perfect AC ground; the focusing on a large device varies; and the unshielded wiring receives radiation as well. In addition to the multiple terminal coupled detectors, a source-driven (similarly drain-driven) approach simplified the radiation coupling described in [18] [19] .
This approach connects the source terminal only to an antenna and provides AC ground to the other terminals. There are also experimental results of gate-driven, or gate only coupled, detection in [20] as well. Hence, a descriptive model must take into consideration that the RF signal is fed to the source, gate, and drain terminals simultaneously with potentially different coupling efficiency. In order to describe the possible alteration from the ideal case of perfect antenna and no parasitic coupling, we introduce efficiency factors. These efficiencies are denoted by , , for the source, drain, and gate respectively. The electric field than is expressed from the incident RF power as:
( 1) where represents a normalization factor of resistance dimension so as 0 Combining that the FETs behave as square-law power detectors [8] and the model preassumptions of non-resonant detection and long channel approximation, the resulting response becomes different on the terminals depending on the in-situ conditions of signal amplitude and coupling efficiencies:
The common situation usually suppose ideal situation such as , 1, 0. In case of the source-, drain-, or gate-driven approaches, the photoresponse remains quadratic to the electric field [19] and the terminal response can be described as
. Finally, the intrinsic response is defined as , and η G 1 is used in order to unify the description of the different coupling approaches and in order to distinguished from the measurable extrinsic value.
B. Open drain response
Several models have been founded based on fluidic approximation of the channel 2DEG by [7] [12].
These models rely on solving the continuity equation with the motion counterpart at appropriate boundary conditions. These models explain, besides the power detector like photoresponse, the homodyne and heterodyne mixing, though the derived models are not valid in weak inversion or in depletion. This limitation also holds for the transmission line models of the 2DEG channel [14] . In [19] the unified charge control model served as a basis of the rectification, describing the process in subthreshold operational region as well. Sakowicz et al. [13] introduced a description of the open drain non-resonant photoresponse as a function of the channel conductance. This approach is applicable in the subthreshold region as well and connects the measurable DC transfer characteristics with the photoresponse in a simple and elegant way. In the model building, we used this model as it covers broad range of operational conditions. The response is estimated by [13] the channel conductivity ( ) and the small current DC current transfer function as:
Note, that this equation is equal to the transconductance-to-current-ratio:
The ⁄ is an important figure of merit and tool of analog low voltage, low power design [21] . The maximum ⁄ ratio appears in weak inversion and is equal to 1 ⁄ , where is the slope factor and the thermal voltage. On the lower gate-source voltage region, with exponentially decreasing sourcedrain current, the ⁄ quickly falls as the leakage currents become dominant in the [22] . 
C. Nonzero source drain current
As a next step, the situation of actual source drain current ( 0) is analyzed. Under the model assumptions, the DC photoresponse depends only on the near terminal conditions, namely the RF signal and the channel's carrier density at the terminals. As exact analytical solution does not exist for the inversion charge density as a function of the applied voltage, the measurable transfer functions is linked to the photoresponse by first applying an analytical circuit model and then highlight a practical measurement method to avoid model assumptions.
The EPFL-EKV FET model [23] [24] model has been chosen as it has physics-based analytical solution for the drain current that is related to the channel inversion charge ( ( )). The drain current is derived from the inversion charge density ( ) at the source and drain ends of the channel by decomposing the current to a forward ( ) and reverse currents ( ):
The inversion charge is estimated along the channel as [25] :
with V F being the quasi-Fermi potential of the channel depending on , the thermal voltage, α the bulk effect parameter close to unity, / the density of minority carriers per unit area at threshold voltage, the subthreshold ideality factor, the FET threshold voltage, 0 , and the gate capacitance per unit area. The forward and reverse currents are usually expressed as normalized currents ( , ) multiplied by the so called specific current ( ):
In the illustration of the inversion charge distribution in FIG. 3 adopted from [23] , one can indicate the corresponding physical section of the channel near the source and drain, which are responsible for the photoresponse with the in situ parameters. The Sakowicz et al. [13] model is valid under the condition that out of the plasma perturbation depth, the channel behaves as open boundary. We suppose that as the plasma perturbation depth is smaller than the channel length, the open boundary is preserved for both terminal sides towards the center of the channel.
Thus, the ⁄ can be calculated separately for the affected portions and the photoresponse becomes independent on the source and drain end. This observation gives ground to the followings. The EKV model provides a practical way to find out the independent photoresponse at the ends. If one drives the transistor into saturation ( 0 or 0), the drain potential does not affect the current and the ⁄ can be estimated by the source side behavior only [26] .
With other words, the photoresponse ( ) of a drain side saturated transistor is solely the source side response. The pinch-off (occurs when ) plays an important role, as it indicates the channel potential, which results in zero inversion charge. Thus it eliminates the photoresponse. In the most interesting subthreshold region, the saturation voltage is constant and is about 4 100 in room temperature [24] , where is the thermal voltage. Hence, relatively easy to eliminate the drain end photoresponse and get solely the source component in the subthreshold region. The drain side response can be found by using the same process swapping the electronic connectivity of the terminals.
Note, that the common approach to determine photoresponse is the open drain configuration by disconnecting the drain from any load. In this situation, the source end conductivity is extended to the complete channel and the response becomes measurable, which is equal to the sought source side response. The measured value is proportional to the intrinsic response, but not equal in case of simultaneous source and drain radiation coupling.
D. Nonzero source-bulk potential
Though the above reasoning was general, it is also worth to examine the practical effect of the source to 
The ( ) slope factor can be estimated as:
where is the body effect factor and is the pinch-off voltage, is the Fermi level. As a conclusion, the photoresponse on the terminals are equal to the intrinsic response at zero source to bulk voltage ( ) with the correction of 1 ( ) ⁄ . Due to the device symmetry condition, ( ) ( ), we get:
Combining (12)- (13) with the terminal coupling efficiencies, we conclude the measurable extrinsic photoresponse as a weighted combination of the intrinsic responses:
This equation describes why the measurable unloaded, grounded source or drain photoresponse is not equal to the intrinsic photoresponse except for ideal isolation. Rewriting (15) with , 0 yields:
This is an important finding, because in case of cross talk due to finite isolation between source and drain ( 0) the measured value is smaller from the open drain (source) response alone.
E. Plasma perturbation depth
The penetration depth or plasma perturbation depth is estimated by hydrofluidic model inductance and gate leakage as [14] :
The AC signal amplitude than decays as ( ) ( / ), and the photoresponse builds up with 1 ( 2 / ) rate. However, in the current biased channel, the carrier concentration changes along the channel, resulting in a different boundary conditions for the edges. The effective length could be divided into two quantities, namely the source and the saturated drain side. Substituting the carrier concentration (7) to the effective length expression and neglecting the velocity saturation and gate bias-dependent mobility, for two limiting cases of strong inversion ( ), , and depletion ( ) the simplified expressions are the followings:
These equations are valid under no current bias, still gives an estimate for the current biased terminal values. The results can be interpreted as a saturated channel FET's source provides deep penetration, while at the drain side the AC signal decays within a fraction of the source side effective length . FIG. 4 shows the evaluated inversion charge distribution (7) and the corresponding AC signal amplitude decay at various source-drain voltage. The normalized source and drain side plasma perturbation decay (right) as a function of the V DS at f RF 360GHz.
III. IN CIRCUIT BEHAVIOR
Placing the detector in a circuit environment, such as resistive load and current source, the measurable value becomes even more diverse. The photoresponse can be measured between the source and drain Note, that the detector FET becomes a common-gate amplifier ("a" scheme) or a voltage follower ("c" scheme) from the rectified DC or low frequency modulated signal point of view. Depending on the terminal side of the generated photoresponse, the observation point provides different views of the original signal through the amplifiers. One can express the small signal AC relation between the generated signals and the measured signal by the well known π FET circuit model for the different cases (see Table I .).
TABLE I. Small signal transfer function of different schemes
Scheme Small signal transfer function "a" ( ) 1
is the modulation frequency.
The actually measurable value ( ) is a superposition of the amplified photoresponses, because introducing the transfer function into (14) leads to the following formulas for the different schemes:
The open drain (source) configuration can be reproduced as well in any schemes by 0, ∞, which leads to , 1, , 1. Substituting 1 ⁄ in (24) and 1, 0 leads to the load model described in [13] : For a given setup and radiation settings, the ( , ) cannot be identified independently from each other and from the fitting parameter of (1) and (2). From practical point of view, the ratio of them is important, that shows if there is any cross talk between them and to what extent. The proposed solution uses the consequence of (9): drive the transistor into saturation and measure source side response only.
Then the ⁄ ratio can be calculated from the measured response ration in saturation:
The (14)- (15) 
IV. EXPERIMENTS
In the model validation two samples have been measured. The first is a commercial GaAs pHEMT and the second is a custom designed silicon detector. The relatively large pHEMT enabled to focus the radiation yielding different , weights on the source and drain terminals, while the silicon sample is useful to analyze the source to bulk effect. The applied radiation was =358 GHz generated by a VDI CW upconversion source. The source had 0.8 mW output power. The readout circuit had the following parameters: the modulation frequency was 2 KHz, 1 , 2 , 130 .
F. GaAs pHEMT sample
The sample was an Avago Technologies ATF-36077 GaAs pHEMT. The device has a nominal 
G. Silicon sample
The silicon sample is an antenna coupled transistor design that has been manufactured in standard 180 nm technology. The microphoto and illustrative cross section can be seen in FIG. 11 . In the detector chip, a "H" shaped dipole antenna has been implemented as well. This antenna-detector have been selected as all of its terminals are connected to external pads. The gate and one terminal of the transistor are coupled this way to the antenna, while the other terminal is connected to a pad directly. The antenna wings are also routed to pads as well. Its resonant peak was 358 GHz, hence, the measurements have been performed at this frequency. In the center of the dipole, using a staircase via series, a 440 , 300 drawn gate sized NMOS is coupled to the antenna wings. The effective signal generation length by (19) is 49 at 330 ⁄ , thus and the model holds. The incident RF power was 10uW on the effective area of the antenna and the responsivity was ~100 V/W. 
V. DISCUSSION
The good matching of the model with the measurements suggests that the photoresponse is not altered by the current flow. The importance is emphasized of separating the radiation generated intrinsic response from the actually measured extrinsic value. In case of cross talk due to finite isolation between source and drain ( 0) the measurable value is smaller from the open drain (source) response alone.
It is also the result of finite isolation that the current biased amplification becomes misleading. If the measured photoresponse differs with swapped source and drain terminals and/or the response sign change a definite sign of finite isolation. In order to separate the source and drain end response, and to find out the ratio of them, we described a simple method: biasing the transistor in saturation and then swapping the electronic connectivity of the two terminals. The ratio of the measured values gives the ratio of the source drain coupling. By applying the inverse of the AC small signal transfer characteristics to the measurement results, the real unloaded photoresponse can be derived as well.
During circuit design, the ⁄ ratio is easy to simulate, a good indicator of the expected photoresponse. A voltage controlled voltage source containing a lookup table (similar to [28] ) of the photoresponse can be inserted into any circuit. The small signal behavior is also straightforward to handle, hence a complex circuit can be designed involving FET detectors. However, the ⁄ model overestimates the response in strong inversion in the silicon sample. The reason could be that in strong inversion the and becomes much larger than in weak inversion or in depletion. These may constitute a coupling between the terminals and alter the / ratio. Important to note, that the sourcegate, drain-gate capacitance calculation as the base of the current biased description cannot be used in the long channel case as suggested in [1] . The reason is that the Meyer's capacitance model or the more precise EKV and other models always describe the whole channel charge distribution and relies on charge sharing between the source and the drain. On the contrary, the charge density responsible for the photoresponse is limited into a small portion of the channel. Hence, the integral type capacitance models do not explain these portions only, and cannot be used for precise response predictions.
The noise performance (signal-to-noise ratio) is also could be incorporated in an electronic simulation as the important noise sources are modeled in various electronic simulation model. From theoretical point of view, as the photoresponse does not altered by the bias current, the appearing current induced noise phenomena will decrease the SNR. Hence, the achievable SNR can be estimated by the noise factor (NF) of the circuit schemes (NF is the ratio of the output and SNR and measures of degradation of the SNR). For the common gate amplifier scheme the minimal 1.6 3 depending on the technology and transistor parameters. It means that the SNR will decrease at least by this amount. This estimate may describe the experimental results measured in A. Lisauskas el at. [5] .
Though the model is introduced for long channel samples, it is expected that the extrinsic behavior of the transistors does not change significantly if the photoresponse builds up throughout the complete channel as the HEMT sample demonstrated. The apparent amplification and the other statements hold with corrections to the distributed response generation, and the difference between the source and drain coupling vanishes as the whole channel becomes active.
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